Indirect evidence suggests that patients with Parkinson's disease (PD) have deficits not only in motor performance, but also in the processing of sensory information. We investigated the role of sensory information processing in PD patients with a broad range of disease severities and in a group of age-matched controls. Subjects were tested in two conditions: pointing to a remembered visual target in complete darkness (DARK) and in the presence of an illuminated frame with a light attached to the index finger (FRAME). Differences in pointing errors in these two conditions reflect the effect of visual feedback on pointing.
Introduction
The accuracy of pointing movements depends to a large extent on the availability of visual and proprioceptive information. When pointing to remembered visual targets in complete darkness, proprioceptive information provides the most reliable source of information about finger position 1, 2 . With visual feedback of finger position, the accuracy of pointing increases, especially in the direction of azimuth and elevation and to a lesser extent also in depth (depth refers to radial direction relative to the observer) 2 . These properties of proprioceptive and visual information processing in man explain why errors for pointing to remembered visual targets have 3-D ellipsoidal distributions [3] [4] [5] [6] with the long axis directed towards the subject and why pointing becomes more accurate with the availability of visual feedback 7 .
Pointing to remembered visual targets has previously been used to investigate deficits in sensory information processing in patients with Parkinson's Disease (PD).
PD patients have well known movement abnormalities including bradykinesia (slowness of movement), hypokinesia (lack of movement), akinesia (inability to initiate a movement), tremor and rigidity. In addition to these well-known movement abnormalities, recent studies suggest that PD patients also have deficits in the processing of sensory inputs, particularly in the processing of proprioceptive inputs [8] [9] [10] [11] [12] [13] [14] [15] . For example, PD patients were less sensitive in identifying the occurrence and direction of externally imposed movements 8 . Furthermore, PD patients produce larger errors than controls in static joint position sense of the elbow 12 and PD patients are less accurate in detecting limb displacements 15 . PD patients make also larger errors than normal subjects in reproducing a passive finger movement 12 and make larger errors in matching the position of a passively moved finger to the position of a visual target 9 . Because muscle spindle sensitivity is normal in PD 16 , the impaired joint position sense in PD seems primarily of central neural origin. This hypothesis is supported by the finding of reduced sensory-evoked brain activations in cortical (parietal and frontal) and subcortical (basal ganglia) areas in PD patients using positron emission tomography 17 . Furthermore, a reduced level of intracortical inhibition was found in PD patients, which also suggested an abnormal influence of afferent input on corticomotor excitability 14 . In addition to these findings in PD patients, Filion et al. 18 reported an increase in the number, magnitude, and loss of specificity of responses in the basal ganglia of MPTP-treated monkeys to passive limb movement. The latter study suggests, that deficits in motor performance in PD are, at least partly, due to deficits in the processing of sensory (mainly proprioceptive) information in the basal ganglia.
Animal studies have shown that the ability to use sensory information depends on the degree of striatal dopamine loss [19] [20] [21] . A minor dopamine deficit in the caudate nucleus only affects its first output station, the substantia nigra pars reticulata.
Animals with such a minor dopamine deficit showed a reduction of the ability to use static proprioceptive stimuli in motor control [22] [23] [24] . Such animals could only switch between motor programs when external visual cues were available to direct their movement. Therefore, proprioceptive information processing was affected following minor dopamine deficits, but this could be overcome with the use of visual information. More severe dopamine deficits in the Substantia Nigra produce a GABA In this study we have investigated the constant and variable errors of pointing movements to remembered visual targets in PD patients with various degrees of severity of the disease and in a group of age-matched controls. All subjects were tested in two conditions: pointing to a remembered visual target in complete darkness (DARK) and in the presence of an illuminated cubic frame with a light attached to the tip of the index finger (FRAME). The idea behind these experiments was 1) that any differences in pointing errors in the two conditions reflect the effect of visual feedback in pointing by the subject and 2) that any differences in accuracy of pointing in the two conditions in patients with various degrees of PD may reveal insight into the progressive effect of the disease on proprioceptive and visual information processing.
Methods

Patients
This study included 12 patients (10 male, 2 female, age 60 ± 11 years) who fulfilled the UK Brain Bank criteria for idiopathic PD 34 . All patients sustained a clear beneficial response to treatment with levodopa or a dopamine agonist. Controls included 10 healthy elderly subjects that were matched for age and sex (8 male, two female, age 61 ± 10). Five patients had no anti-parkinsonian medication, whereas seven patients had anti-parkinsonian medication in various combinations. The clinical details of the PD patients are given in Table 1 . All subjects in this study (both normal subjects and PD patients) had normal vision (or corrected to normal) and did not have oculomotor problems (except for minimal saccadic intrusions during smooth pursuit) or neurological disorders other than PD. We also excluded patients with dementia, a postural tremor of the arms within the first few seconds of assuming a sustained posture (score ≥1 on item 21 of the Unified Parkinson's Disease Rating Scale (UPDRS) 35 ) or significant dyskinesias (score >2 on the Modified Dyskinesia Rating Scale) 36 . We did not exclude patients with a "resetting" rest tremor of the arms that became apparent only after several seconds of assuming a sustained posture, i.e. well after completion of each individual pointing movement. Patients were examined in a defined "off state" after overnight withdrawal of all antiparkinson medication 38 . All patients had predictable end-of-dose wearing off effects and the interval between start of the experiments and intake of the last medication was at least 12 hrs. Although it may be necessary to withdraw antiparkinson medication for several days to entirely eliminate treatment effects, this approach allows for assessment of parkinsonian manifestations in a fairly stable "off" state 37 .
Immediately before the experiments, the patients were clinically examined by an experienced movement disorders specialist (BRB) using the modified Hoehn and Yahr stages and the Unified Parkinson's Disease Rating Scale (UPDRS) 35 ( Table 1) .
The experiments were approved by the Medical Ethical Committee of the University Medical Center of Nijmegen. All subjects gave witnessed and signed informed consent according to the Declaration of Helsinki, but the participants were not informed about the specific purposes of the study. Subjects were tested in two conditions: pointing to the remembered target in complete darkness (DARK) and pointing in the presence of an illuminated cubic frame with a continuously lit red LED attached to the tip of the index finger (FRAME). In this FRAME condition, a well-defined visual environment was shown to the subject by means of illuminated optic fibers (diameter 2mm) along the edges of the blackboard (100cm wide x 80cm high), with an illuminated cross centered in the middle (100cm wide x 80cm high) and with four 60 cm long illuminated optic fibers orthogonal to the backboard (see figure 1 ). The frame was visible at all times in the FRAME-condition and the targets were presented within the illuminated cubic frame.
Experimental setup
The targets were presented in randomized order in blocks of twenty trials.
Subjects started with a block of 20 test trials in the DARK condition and a block of 20 test trials in the FRAME condition in order to become familiar with the experiment.
Data of these test trials were not included in further data analyses. Thereafter, subjects were tested in 10 blocks of 20 trials, each randomized over the two conditions. This means that each target was presented 20 times to the subject in both the FRAME and ( )
where n is the number of trials to target i and Spatial components of the constant errors were computed in a viewer-centered coordinate system with distance (overshoot/undershoot), azimuth (left/right) and elevation (upward/downward), relative to the cyclopean eye. Spatial components of the variable error were evaluated using the eigenvectors of the covariance matrix. The eigenvector mostly directed towards the eyes will be referred to as the direction of variable error in radial distance. For most targets, this eigenvector was the eigenvector with the largest eigenvalue in both the DARK and FRAME condition (see Fig. 1 ). The eigenvector that was most dominant in the horizontal (vertical) plane will be referred to as the direction of the variable error in azimuth (elevation).
One control subject showed a constant error in the DARK condition that exceeded the average constant error of control subjects by 2.6 standard deviations. For this reason, this outlier was left out of the statistical analysis, resulting in a total of 9 control subjects and 12 PD patients. Differences in constant errors and variable errors between controls and PD patients were tested using three way ANOVA with one between groups factor (controls versus PD patients) and two within factors (condition:
DARK and FRAME, and target location (five targets)). Two way ANOVA with one between groups factor (controls versus PD patients) and one within factor (target location) was used to test for differences between controls and PD patients in the DARK and in the FRAME condition. A Tukey test was used for post hoc analyses.
Correlation analyses were conducted to assess the relations between disease severity (UPDRS score) and error size. Figure 2 illustrates the main findings for pointing to remembered targets in the FRAME condition for control subjects and for PD patients. It shows the pointing positions to remembered targets, the constant error (average pointing position relative to target position) and the variable error (distribution of the pointing positions relative to the average pointing position) for a control subject (left panels) and for a severe PD patient (UPDRS score of 68). The distribution of the pointing positions of the control subjects are characterized by an ellipsoid with the long axis of the distribution oriented toward the subject. This finding was particularly obvious for the FRAME condition. The variable and constant errors are considerably smaller in the FRAME condition than in the DARK condition for control subjects. These results are very similar to data reported before for young normal subjects (range between 20 and 40 years of age; see e.g.
Results
Group analysis
3-7
). For the PD patient both the constant error and the variable error are considerably larger than for the control subject. The data for the PD patient, shown in Figure 2 , reveal a clear overshoot of target position. The variable error for the PD patient was particularly enlarged in azimuth and elevation direction. Figure 3 illustrates the constant and variable errors for the groups of controls and patients in the DARK and FRAME conditions. Pointing errors were consistently smaller for control subjects than for PD patients. 
30.5%) (unpaired t-test, p>0.95).
Analysis of the spatial components of the constant error did not reveal a significant difference between the group of controls and the group of PD patients.
However, the scatter of the constant errors was larger for the group of PD patients than for the group of controls in the FRAME condition in radial distance (p<0.01), azimuth (p<0.05), and elevation (p<0.05). The scatter was not significantly different for PD patients and controls in the DARK condition (p>0.1; p>0.5; p>0.35 for radial distance, azimuth and elevation, respectively). Both controls and PD patients showed the largest scatter in radial distance both in the DARK condition (approximately 1.8 times larger than for azimuth and elevation) and for the FRAME condition (approximately 2.8 times larger than azimuth and elevation).
Correlation analysis
The upper panels of Figure 4 show the constant error and the variable error (averaged over all targets) as a function of the severity of PD (UPDRS-score). The constant error (upper left panel in Fig. 3 ) did not show a significant effect of the severity of PD in the DARK or in the FRAME condition. The average constant error is significantly smaller in the FRAME condition than in the DARK condition (p<0.001, paired t-test), but the slope as a function of the UPDRS-score was not significantly different (p=0.96) in the two conditions. Therefore, the difference of the constant error in the DARK and FRAME condition, which reflects the effect of visual information on the constant error, did not change with the UPDRS-score (ρ=-0.06; lower left panel in Fig. 4 ).
For the variable error, there is a clear effect of the severity of PD. The variable error increases significantly with the UPDRS-score in the FRAME condition (ρ=0.49, p<0.05; upper right panel in Fig. 4 ). The decrease of the variable error with the UPDRS-score in the DARK condition was not significant. The benefit of visual information for pointing to the remembered visual target becomes evident after subtraction of the error in the FRAME condition from that in the DARK condition. A large difference between the variable pointing errors in the DARK and FRAME condition points to a large benefit of visual information about finger position and the reference frame. The reduction of the variable error in the FRAME condition relative to that in the DARK condition showed a large and highly significant negative correlation (ρ=-0.72, p<0.005) with the severity of PD (lower right panel in Fig. 3) .
To obtain more insight in the orientation of the pointing errors relative to the subject, we calculated the spatial components of the variable error in spherical coordinates relative to the subject. The upper panels in figure 5 show the components of the variable error in radial distance, azimuth and elevation as a function of the severity of PD. The variable error in radial distance, azimuth, and elevation did not show a significant correlation with the severity of PD in the DARK condition (see Fig. 4 ). In the FRAME condition, the variable error did not show a significant correlation with the severity of PD for radial distance and azimuth direction.
However, the variable error did show a significant positive correlation with the severity of PD for elevation (ρ=0.52, p<0.05).
The lower panels of figure 5 show the difference between the variable errors in the DARK and FRAME condition for each of the spatial components. The differences for azimuth and elevation showed a significant negative correlation with the severity of PD (ρ=-0.69, p<0.01 and ρ=-0.76, p<0.005 for azimuth and elevation, respectively). The difference of the variable error in the FRAME and DARK condition showed no relation with the severity of PD for the radial direction.
Discussion
In this study we investigated the effect of the severity of PD on the accuracy of pointing movements to remembered visual targets. On average, PD patients pointed less accurately than controls in the DARK and FRAME condition, which was evident from the larger constant errors in both conditions and from the larger variable error in the DARK condition compared to controls. The severity of PD hardly affected the constant error, but appeared to have a large effect on the variable error: the beneficial effect of visual feedback decreased markedly with increasing severity of PD.
Adamovich et al. 30 studied pointing to remembered targets in PD patients in a similar DARK condition and in a condition with a continuously lit LED on the finger but without visual information about the visual environment (so called "FINGER condition"). In agreement with our results, they reported that PD patients had larger variable and constant errors than controls in pointing to remembered targets in the DARK condition. In their FINGER condition they found larger variable errors for PD patients than for controls, but no significant difference between controls and patients was found for the constant error. In our FRAME condition, PD patients showed a significantly larger constant error than controls, but the variable errors were not significantly different. Therefore, we conclude that PD patients point less accurately than controls, especially in the absence of visual information, which is in agreement with results of previous studies on pointing movements in PD patients [30] [31] [32] [33] .
Subtracting the error in the FRAME condition from the error in the DARK condition reveals the effect of visual information in pointing movements. Control subjects showed a decrease in both the constant error and variable error in the FRAME condition, which was in agreement with previous observations on pointing to remembered visual targets [3] [4] [5] [6] [7] . PD patients showed a similar reduction in variable error and constant error between the FRAME and DARK condition. The main new finding of this study is a significant decrease of the difference of the variable error in the DARK and FRAME conditions as a function of the severity of PD (see lower right panel of Fig. 4 ). This means that with increasing severity of PD, patients are less able to use visual information to reduce the variability in their movements. This conclusion is supported by the specific effect of visual information on the spatial components of the variable error. The decrease of the variable error between the DARK and FRAME conditions was significantly correlated to the severity of PD for azimuth and elevation, but not for radial direction. This is exactly what one would expect if an effect of vision was involved since Van Beers et al. 2 showed that vision mainly contributes to the accuracy in azimuth and elevation direction and less so in radial direction.
In principle, errors in pointing movements to remembered visual targets can be attributed to various factors, such as the misperception of the target position, errors in spatial memory, errors in the transformation from visual information to an appropriate motor command, or to a deficit in proprioceptive information processing of the arm.
The obvious question then is: what is the underlying mechanism that is responsible for the larger error in PD patients? It has been hypothesized that spatial memory might be affected in PD patients. This hypothesis is not compatible with the notion that mild to moderately affected PD patients make the same errors as controls when pointing to a remembered visual target with a Light-Emitting-Diode (LED) on their pointing fingertip in complete darkness 30 or when pointing to a remembered visual target with the eyes closed 34 . This is compatible with our finding that PD patients did not show significantly different variable errors in the FRAME condition relative to control subjects (see right panel of Fig. 3) . Moreover, analysis of the spatial components of the constant error did not reveal differences between controls and PD patients in DARK and FRAME condition. These results argue against the hypothesis that misperception of target position or spatial memory might be responsible for the larger errors in PD patients. In addition, Ketcham et al. 33 found an increase in the variability of end-point errors to remembered target locations in early PD patients. Since neither the delay, nor the number of items nor the sequence familiarity of the targets affected the end-point errors, this observation suggested that PD patients have an impairment in memory-motor transformation rather than an impairment in spatial memory. Other evidence against a possible role of spatial memory on pointing errors comes from
Hodgson et al. 39 who reported that PD patients and control subjects did not differ in the accuracy of eye movements to a single target (see also 40, 41 ). Therefore, we conclude that there is no evidence for misperception of target location or for an impairment in spatial memory to explain the larger pointing errors to remembered visual targets found in PD patients.
During the execution of a pointing movement, sensorimotor information can be used to correct for errors in end-point positions. In the absence of visual cues, subjects have to rely mainly on proprioceptive information to guide their index finger to the remembered visual target position [2] [3] [4] . Therefore, the observation of larger variable errors in the DARK condition for PD patients than for controls suggests that patients are less able to use proprioceptive information, in agreement with previous studies [9] [10] [11] [12] [13] [14] [15] 42 . Neither the variable error nor the constant error showed a significant relation with the severity of PD in the DARK condition. Maschke et al. 15 reported that the percentage of errors in detecting passive displacement of the arm increases with the severity of the disease. Since this study dealt with passive arm displacements, whereas our study dealt with errors in active arm positioning, these results are not in conflict. These observations suggest that the deficit in the use of proprioceptive information occurs at an early stage of PD, and is hardly affected by further disease progression. In early stages of the disease, the deficit in proprioceptive information processing is compensated by using visual feedback, because the variable error in the FRAME condition was the same for mildly affected PD patients and controls.
However, with progression of the disease, the availability of visual information no longer helps to improve the variable error, indicating a deficit in visual information processing to guide pointing movements.
Taken together, our main conclusion is that pointing movements in PD are impaired due to a deficit in processing of proprioceptive information, which appears early in the course of the disease, and by a visual feedback problem, which emerges in later stages of the disease. 
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